We present 20 newly discovered candidates for binary systems with an RR Lyrae companion. Using the photometric data from the Optical Gravitational Lensing Experiment (OGLE) and Korea Microlensing Telescope Network (KMTNet) for the Galactic bulge, we searched for binary candidates among non-modulated fundamental-mode RR Lyrae variables. We constructed and investigated over 9000 O − C diagrams for individual pulsators, in order to find signs of the light-travel time effect. We found 20 variables exhibiting cyclic variation in the O −C (time of the observed minus calculated brightness maximum) diagram, which can be associated with a second component in the system, but for confirmation of binarity, a long-term radial velocity study is necessary. The modeling of the O − C diagrams yields orbital parameters, estimates of the semi-amplitude of the radial velocity curve, and the mass function. The orbital periods of our candidates range from 3 to 15 years. Two of the binary candidates display a minimum mass higher than the assumed mass of the RR Lyrae component, which points towards an evolved companion that can under some circumstances contribute significantly to the total light of the system.
INTRODUCTION
Pulsating stars of RR Lyrae type (hereafter RRL) have played a prominent role since their discovery (Pickering & Bailey 1895) . As one of the fundamental distance indicators, they help to map the Milky Way and its formation history (Drake et al. 2013; Sesar et al. 2013; Hernitschek et al. 2019) and close galactic systems (Haschke et al. 2012a,b; JacyszynDobrzeniecka et al. 2017) .
Knowledge of the luminosity of RRL is, therefore, crucial. The luminosity of an RRL is mainly defined by the helium and heavy-element abundances and by the mass of the star. The latter one is still poorly known and can be deduced only indirectly from stellar evolutionary and pulsation models (Sweigart 1987; Lee & Demarque 1990; Popielski et al. 2000 ). An independent determination of the mass would constrain the accuracy of the theoretical predictions E-mail: prudilz@ari.uni-heidelberg.de and will have a large impact on all topics employing RRL stars. This motivates the search for RRL stars in binary systems, as binaries offer an excellent means of accurate stellar mass determinations, but very few such candidate systems have been found so far (Saha & White 1990; Soszyński et al. 2009 Soszyński et al. , 2011 Li & Qian 2014; Hajdu et al. 2015; Liška et al. 2016a; Kervella et al. 2019a) . Identification of binary systems will also help to answer the question why binaries with an RRL companion are so rare. Currently, we know about 150 000 RRL stars in the Milky Way. Even if we assume that only a few percent of these RRL stars are in binary systems (Hajdu et al. 2015) , we should detect a large number of binaries. The shortcomings of the detection caused by the evolutionary status of RRL stars are discussed in Skarka et al. (2016) .
Stellar dynamical mass can be derived when a star is bound in an eclipsing binary system. However, here comes the issue: to our current knowledge, no eclipsing binary containing an RRL star has been discovered and verified. There are over one hundred candidates (see the online version of the database 1 , , and Kervella et al. (2019a,b) , but only TU UMa is bound in a binary system with high confidence (Wade et al. 1999; Liška et al. 2016b; Kervella et al. 2019a ). The binarity is mostly inferred from the cyclic period variations (mostly with years-long periods) as a consequence of the light-travel time effect 2 (hereafter LiTE, for example, Olah & Szeidl 1978; Hajdu et al. 2015; Li et al. 2018 , just to mention some studies). A comprehensive review of the binary RRL candidates can be found in Liška et al. (2016a) . Karczmarek et al. (2017) found that among binary stars with orbital periods below 2000 d, mass transfer can occur and binary evolution pulsators, which only mimic RRL type stars, can be formed (Pietrzyński et al. 2012; Smolec et al. 2013) . Thus, only wide systems give a good chance to reveal a real RRL in a binary system. At the same time, the large size of the semi-major axis of wide binaries decreases the chance to observe eclipses. The observation of the cyclic pulsation period variations itself cannot give an unambiguous proof of binarity. Skarka et al. (2018) showed for Z CVn that the years-long spectacular pulsation period variations can have a different origin than LiTE. This shows that some of the candidates are probably false positives.
Obtaining radial velocity measurements over several years is, therefore, highly desired (e.g., Solano et al. 1997) . There have been a few ongoing projects for monitoring the candidates (Guggenberger et al. 2016; Poretti et al. 2018) . Probably the most promising results can be expected from Hajdu et al. (2018) , who have observed candidates from the Galactic bulge and who detected the expected differences in radial velocities for two of their sample stars in two different seasons.
In this paper, we identify 20 new binary candidates using an analysis of their pulsation period variations. We describe our sample and methods in Sect. 2 and discuss the results in Sect. 3.
DATA SELECTION AND ANALYSIS
For the purpose of this study, we used I-band photometric data of RRLs from the OGLE Galactic bulge (OGLE GB) survey (Soszyński et al. 2011 (Soszyński et al. , 2014 (Soszyński et al. , 2017 . Our search was aimed at the LiTE manifestation in the O − C diagram (O -observed, C -calculated time of the brightness maximum based on the star's ephemerides , Irwin 1952a; Sterken 2005) , which may hint towards an unseen companion of a variable star. In order to avoid confusion with modulated Blazhko stars (Blažko 1907) , we investigated only the nonmodulated fundamental mode variables from studies focused on the occurrence rate of the Blazhko effect (Prudil & Skarka 2017; Prudil et al. 2019 ). We did not make any additional cuts based on the data quality or quantity, and in the end we analysed more than 9000 stars, in order to increase the chances of finding candidates. We note that in the end we identified almost 200 stars with a peculiar change in the O−C diagram, but for our current study, we chose only those with strong signs of the LiTE.
In the first step of the analysis, we constructed the light curve templates for individual variables based on the entire OGLE GB photometry using a Fourier decomposition of high degree n:
where A I k and ϕ I k represent amplitudes and phases, respectively, and A I 0 stands for the mean magnitude. The ϑ stands for the phase function defined as:
where the H J D represents the time of observation in Heliocentric Julian Date, M 0 denotes the time of zero epoch (in our case for maximum brightness), and P is the pulsation period.
We note that the photometric data from OGLE GB phases III and IV differ by an offset in their mean magnitudes (by ≈ 0.01 mag). In order to compensate this effect, we shifted the OGLE III data by the difference in the mean apparent magnitudes, A I 0 , between the aforementioned data releases. In the second step, we binned the OGLE photometry based on the observational seasons (where each bin represents a point in the O − C diagram), and in some cases, where sufficient data were available (more than 300 observations per season), we divided each season into two bins since the data were sufficient in a given observing season.
The data in each bin were phased using the ephemerides (pulsation period P and time of brightness maximum M 0 ) provided by the OGLE team, and fitted with a light curve template created using the whole sample. The O − C was calculated for each binned phased curve as a shift in phase of the maximum brightness from the zero point, and multiplied by the pulsation period. Using a bootstrap resampling of each bin we estimated the errors of the individual points in the O−C diagram. An example of the O−C diagram is shown in Fig. 1 .
For the subsequent visual examination, each O − C diagram was corrected for the changes in the pulsation period using the following equation:
where E represents the number of cycles that elapsed since the M 0 , and a 0,1,2 represents free parameters of the parabolic fit, with a 2 denoting the pulsation period change rate. Such corrected O −C diagrams were visually inspected for possible binary patterns (sinusoidal like waves). In doing so, we independently re-discovered candidates found by Hajdu et al. (2015) and Hajdu et al. (2018) , thus verifying our approach. For variables that were selected for further analysis we used data uncorrected for period variation and fitted them using the combination of Eq. 3 and eq. 2 from Irwin (1952a) : In this relation, ν is the true anomaly, ω is the argument of periastron, e is the numerical eccentricity, and A is the shift in radial position in light days. We refer the interested reader to the appendix A in Liška et al. (2016b) for a thorough description of the individual parameters. For stars with O − C diagrams that can be described by Eq. 4 we also further tested whether they exhibit the Blazhko modulation. We utilized the binned data and searched for an amplitude A 1 variation (derived from Eq. 1) similar to the trend in the O − C diagram. Furthermore, we tested our stars for the Blazhko effect using the method from Shibahashi (2017) , but the results were inconclusive with the available data. In total, for 20 stars, which were visually selected, Eq. 4 is valid and we will refer to them from here on as our binary candidates.
In order to increase the observational time span and to verify our binary candidates, we utilized data from the Korea Microlensing Telescope Network (KMTNet; Lee et al. 2014; Kim et al. 2016 ) collected in 2018. The photometry was processed in a similar manner as the OGLE dataset and incorporated in our calculated O − C diagrams. The orbital parameters were then determined iteratively in the following way: the O − C diagrams of the selected candidates were modeled using Eq. 4, their light curves were then corrected for the LiTE effect, and in a next step served as a dataset for obtaining a light curve template, which is more accurate than the raw one. Using the new more accurate templates, we then derived new O − C diagrams and subsequently the new orbital parameters.
Orbital parameters of candidates
In this subsection, we discuss the characteristics of 20 newly discovered binary candidates with an RRL component. In Fig. 2 we show a mosaic of the O − C diagrams for all of the candidates with a model based on the Eq. 4. Using this model, we derived some of the orbital and physical properties of our candidate variables. In addition, we estimated the semi-amplitude of the radial velocity of RRL component K in km s −1 using the modified relation from Irwin (1952b) :
where P orbit represents the orbital period, a is the semi-major axis of RRL component, au is astronomical unit, and i is the inclination angle of the orbit. Furthermore, through the third Kepler law, we can calculate the mass function f (M) as:
The list of candidates with their physical and orbital properties from the O − C modeling can be found in Tab. 1. Using the mass function, we can estimate the minimum mass (M * ) of the companion, under certain assumption on the mass of the RRL component (M RRL = 0.65 M , Prudil et al. 2019) and inclination angle i = 90 deg:
We note that a difference of 0.1 M in the assumed mass of the RRL variable only marginally affects the estimated minimum mass (less than 0.07 M for a companion with the highest mass function). High uncertainty is in the unknown inclination angle.
In Fig. 3 we show a comparison of orbital parameters from our study and from studies by Hajdu et al. (2015) ; Liška et al. (2016a) ; Li et al. (2018) . We compare orbital periods, eccentricity, and semi-major axes of the candidates from the aforementioned studies. In these two panels, we see a gap in the orbital periods between our study and the study by Hajdu et al. (2015) , and the orbital period from Liška et al. (2016a) ; Li et al. (2018) . This is most likely due to the limited time span of the OGLE GB survey, which reaches up to 25 years while the studies by Liška et al. (2016a) and Li et al. (2018) consist of stars with more than a hundred years of observation. The eccentricity seems to be independent of the orbital period even though we detected a small correlation during the O −C modeling for some of our sample stars. The connection between the semi-major axis and orbital period comes from the third Kepler law. We note that we do not detect any evident connection between the orbital parameters and pulsation periods.
DISCUSSION AND CONCLUSION
In our study, we found 20 binary candidates among more than 9000 non-modulated RRL stars from the Galactic bulge. The low number of candidates further supports a low occurrence of RRL variables in binary systems. Regarding a possible confirmation of binary candidates, we rely mainly on the orbital periods and semi-amplitude of the radial velocity of RRL component orbit, K, which can highlight feasible candidates for spectroscopic follow-up.
The orbital periods range from ≈ 3 years up to 14 years. This is comparable with the study by Hajdu et al. (2015) of a similar dataset, but when compared with the studies by Liška et al. (2016a) and Li et al. (2018) , our candidates lie on the short end of the orbital period distribution. The semiamplitudes of the radial velocity for our candidates lie on a boundary for detection in studies of radial velocities among the bulge RRL stars (Kunder et al. 2016, radial velocities with errors between 5-10 km s −1 ). Therefore, with current instruments, it is possible to follow-up and possibly confirm binary candidates as shown in Hajdu et al. (2018) , although several years of spectroscopic observations are a necessity.
Suitable candidates for such spectroscopic radialvelocity follow-up are e.g. OGLE-BLG-RRLYR-02854, 07051, and 07640 with a rather high semi-amplitude of the radial velocity (above 7 km s −1 ) and rather short orbital periods (less than 10 years). All three RRL stars should have a companion with a minimum mass close to the assumed mass of the RRL component. Two of the binary candidates from our sample (OGLE-BLG-RRLYR-08185 and 13477) should have a companion that is more massive than the RRL component. If the more massive companion is at the asymptotic giant branch, it can contribute to the total brightness of the system, and with a sufficiently long major axis with appropriate inclination might be detectable using the Gaia space telescope (Gaia Collaboration et al. 2016 , 2018 . In addition, anomalies in proper motions can help to identify potential candidates (Kervella et al. 2019a,b) .
The OGLE survey has been proven in the past to suffice for a binarity search among RRL stars, but in order to confirm the found candidates as binary systems, the combination of spectroscopic measurements with photometry is obligatory. Table 1 . Table of derived model parameters for the binary candidates. Column 1 contains the ID of the star in the form OGLE-BLG-RRLYR-ID. Columns 2 and 3 list the orbital period and semi-major axis in au. The numerical eccentricity and the argument of periastron in degrees are listed in columns 4 and 5. The columns 5 and 6 list the semi-amplitude of the radial velocity and period change rate. The column 7 and 8 contain the mass function, and minimum mass of a possible companion for an (adopted fixed mass of the RRL component of 0.65 M ). 
